A newly isolated binding protein of peroxisomal targeting signal type 2 (PTS2) receptor Pex7, termed P7BP2, is transported into peroxisomes by binding to the longer isoform of Pex5p, Pex5pL, via Pex7p. The binding to Pex7p and peroxisomal localization of P7BP2 depends on the cleavable PTS2 in the N-terminal region, suggesting that P7BP2 is a new PTS2 protein. By search on human database, three AAA+ domains are found in the N-terminal half of P7BP2. Protein sequence alignment and motif search reveal that in the C-terminal region P7BP2 contains additional structural domains featuring weak but sufficient homology to AAA+ domain. P7BP2 behaves as a monomer in gel-filtration chromatography and the single molecule observed under atomic force microscope shapes a disc-like ring. Collectively, these results suggest that P7BP2 is a novel dynein-type AAA+ family protein, of which domains are arranged into a pseudo-hexameric ring structure.
Peroxisomes is a single-membrane-bounded organelle in eukaryotic cells, functioning in essential metabolic pathways including b-oxidation of very long chain fatty acids and biosynthesis of ether lipids such as plasmalogens (1) . The importance of the peroxisomal functions is highlighted by the severe clinical manifestations in fatal human genetic disorders of peroxisome biogenesis, including Zellweger spectrum disorders and rhizomelic chondrodysplasia punctata (RCDP) (2, 3) .
PEX7, one of the causal genes of RCDP, encodes Pex7p, the cytosolic PTS2-receptor that is essential for the import of proteins harbouring peroxisome-targeting signal 2 (47) . Because all peroxisomal matrix proteins are encoded by nuclear genes and translated on free polyribosomes in the cytosol, they are imported to peroxisomes via either of two different routes for PTS types 1 (PTS1) and 2 (PTS2) (8) . PTS2-proteins are recognized and imported by Pex7p via N-terminal cleavable pre-sequence (R/K)(L/V/I)X 5 (H/Q)(L/A) (9, 10) . Pex7p-PTS2 complexes need to bind to the longer form of Pex5p (Pex5pL) to be transported into peroxisomes (1113) . Pex5pL has extra 37 amino-acid residues in the middle part of the shorter form Pex5pS, to interact with the Pex7p-PTS2 complexes. Pex5pL and Pex5pS are cytosolic PTS1 receptors for matrix proteins harbouring the consensus tri-peptide motif, S/C/A-K/R/H-L at the C-terminus (14, 15) .
ATPases, one of the most abundant proteins with a diverse range of functions, are involved in almost every cellular pathway. AAA+ (ATPases associated with diverse cellular activities) family proteins belonging to P-loop (Walker-type) ATPases are crucial players in many essential reactions in all organelles including peroxisomes (16) . AAA+ ATPase is unique among the P-loop ATPases to share AAA+ domain(s), which has well-conserved sequence including Walkers A, B and sensor motifs, and is responsible for the ATPase activity (17, 18) . Many crystal structures and electron microscopic analyses suggested that AAA+ domain formed commonly hexameric ring structure (1921) and an arginine residue called 'arginine finger' (R-finger) located in the opposite side of the ATP-binding pocket are crucial for ATP hydrolysis in the each neighbouring subunit in the hexamer (22) . Almost all the members of the AAA+ proteins are classified to type 1 or type 2, which possesses a single or two AAA+ domains, respectively (23) . The only exception is dynein-type AAA+, where six AAA+ domains are linked together in a single protein that is arranged into a pseudo-hexameric ring structure (24) . Only dynein and a nuclear chaperone midasin/Rea1 (25) belong to this particular type AAA+ proteins, which remain to be addressed with respect to the issue why and how AAA+ domain forms hexameric ring structure to express the ATPase activity during the evolution.
Here we identified a Pex7p-binding protein, termed P7BP2, as a novel dynein-type AAA+ protein. P7BP2 contains a potential PTS2 signal in the N-terminal region that binds to Pex7p in translocation into peroxisomes.
Experimental Procedures
Cell culture, plasmid transfection and siRNA treatment HeLa cells were cultured in DMEM (Dulbecco's Modified Eagle Medium, Invitrogen) supplemented with 10% fetal bovine serum at 5% CO 2 in humidified air. CHO-K1 and pex CHO cell mutants, such as pex5 ZPEG101 (26) , pex6 ZP164 (27) and pex7 ZPG207 (6), were cultured as described previously. ZPG207 cells stably expressing FLAG-tagged Chinese hamster Pex7p or non-tagged-human Pex7p were established by transfection using Lipofectamine (Invitrogen) followed by selection with Zeocin (Invitrogen) (28) . CHO-K1 cells expressing wild-type or a PTS2-signal-deleted mutant of P7BP2 were prepared by transfection using Lipofectamine. Lipofectamine 2000 (Invitrogen) was used for transfection of HeLa cells expressing FLAG-Pex7p. Double-stranded siRNAs for human P7BP2 were purchased from Invitrogen as follows: P7BP2-1 (HSS146173), 5
Stealth RNAi TM Negative Control Medium GC Duplex #2 (Invitrogen) was used as a control. siRNAs were transfected into HeLa cells using Lipofectamine TM RNAiMAX (Invitrogen).
Immunoprecipitation, immunostaining and western blotting Cells were lysed in ice-cold buffer containing 50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 1 mM dithiothreitol and 1% Triton X-100. After centrifugation at 15,000 Â g for 20 min at 4 C, supernatant fraction was subjected to immunoprecipitation with anti-FLAG M2-agarose (Sigma) or anti-HA antibody plus protein G-Sepharose (GE Healthcare) as described in Ref. (29) . Immunostaining of CHO cells was performed with primary antibodies and secondary antibodies labelled with Alexa 488 and 568 (Invitrogen) as described in Ref. (29) . Cells were monitored under a microscope (LSM510; Carl Zeiss). Images were acquired and analysed with the LSM image browser (Carl Zeiss). Protein bands in western blotting were quantified by Image Gauge (FUJI FILM).
Antibodies
Rabbit antibodies against Pex5p (30), Pex7p (6) and Pex14p (31) were as described. Mouse monoclonal antibodies against HA (Covance), FLAG (Sigma) and Tom20 (Santa Cruz), and rabbit anti-green fluorescent protein (GFP) antibody (Sigma) were purchased. Rabbit anti-P7BP2 antibody was raised by conventional subcutaneous injection of the purified recombinant human P7BP2 protein encompassing residues at 831-921, as previously described in Ref. (32) .
DNA constructs
To construct all expression plasmids each encoding N-terminal-HAor C-terminal-FLAG-tagged P7BP2 of full-length, a shorter-form termed P7BP2S, and truncation mutants, forward primers containing HA sequence (5 0 -TAC CCA TAC GAT GTT CCA GAT TAC GCT-3 0 ; YPYDVPDYA) or FLAG sequence (5 0 -GAT TAC AAG GAT GAT GAT GAT AAG-3 0 ; DYKDDDDK) were used for PCR, respectively. PCR-amplified fragments were obtained using as a template, the original cDNA clone of P7BP2 (KIAA0564) purchased from Kazusa DNA Research Institute (Kisarazu, Japan), and inserted into the NheI and NotI restriction sites of pcDNAZeo3.1 (Invitrogen). To study subcellular localization of P7BP2, expression plasmid pcDNAZeo/HA-P7BP2-FLAG was constructed by inserting the sequence coding for the N-terminal HA-P7BP2 fragment from pcDNAZeo/HA-P7BP2 into the NheI and NotI sites of pcDNAZeo/C-FLAG, where pcDNA3.1/Zeo(+) was inserted with FLAG sequence between the XhoI and XbaI sites. To construct a plasmid for PTS2-signal-deletion mutant lacking the residues at 66-79 of P7BP2, pcDNAZeo/HA-P7BP2ÁPTS2(66-79)-FLAG was introduced with the mutation created by using a Site-Directed Mutagenesis kit (New England BioLabs) with PCR primers; P7BP2_65R: 5 0 -GTAGGATACATCTCCAATATTAAC-3 0 and P7BP2_80F: 5 0 -TACATTTCAGACTCTCTGGCTC-3 0 . To use a Bac-to-bac baculovirus expression system, pFastBac/FLAG-P7BP2 was constructed by inserting the human full-length P7BP2 cDNA, that was amplified by PCR with SpeI_Fw (5 0 -CGGACTAGTCAAT CCCGGCTTCTA CTCCT-3 0 ) and BGH reverse primers (Invitrogen) using pcDNAZeo/P7BP2 as a template, into SpeI and NotI sites in pFastBac/FLAG vector (33) . For expression of Chinese hamster Pex5pS and Pex5pL, pcDNAZeo/FLAG-Pex5pL and pcDNAZeo/FLAG-Pex5pS were used as described in Ref. (34) . Plasmids pcDNAZeo/FLAG-Pex5pN and pcDNAZeo/FLAGPex5pC encoding N-terminal residues (1-298) and C-terminal residues (299-632), respectively, of Pex5pL were obtained by deletion of the rest of the region from the full-length in pcDNAZeo/FLAGPex5pL.
Recombinant protein preparation and mass spectrometric analysis Recombinant baculovirus for expression of FLAG-P7BP2 was infected to Sf9 cells as described in Ref. (33) . Cells were lysed in 20 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 1 mM dithiothreitol and 1% Triton-X100, and the recombinant protein was purified using anti-FLAG M2 beads followed by elution with FLAG-peptide. The eluted fraction was further purified by gel filtration chromatography on Superdex 200 (10/300GL, GE Healthcare), which was equilibrated with the lysis buffer. For molecular mass estimation, a set of molecular mass markers was purchased from BioRad. For MALDI-TOF mass spectrum analysis to detect any binding proteins, immunoprecipitates were separated by SDS-PAGE and stained with silver staining reagent (Nacalai Tesque, Kyoto). Stained bands were excised from the gel and digested with trypsin as described in Ref. (35) .
In silico analyses
Multiple sequence alignment was performed at BLAST (Basic Local Alignment Search Tool) server (http://blast.ncbi.nlm.nih.gov/Blast. cgi) (36) . P7BP2 was predicted for the secondly structure and PTS2 signal sequence by SCRATCH protein predictor (http://scratch. proteomics.ics.uci.edu/index.html) (37) and Target Signal Predictor in the BLOCKS WWW server (http://216.92.14.62/diy_PTS2.html) (38) , respectively.
Atomic force microscopy
To fix P7BP2 protein, sample solution was put on a surface of untreated mica for 10 min, followed by washing with buffer A (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 30 mM b-mercaptoethanol and 5 mM MgCl 2 ). The sample stage was mounted on an atomic force microscopic (AFM) head and immersed in buffer A. We used a home-built high-speed AFM apparatus (39, 40) , using cantilevers with 67 mm length, 2 mm width and 90-nm thickness (Olympus). Their spring constant was $0.1 N/m and their resonant frequency and quality factor in water were 0.81 MHz and $2, respectively. For AFM imaging, the free oscillation amplitude was 1 nm and the set-point amplitude was around 90%. The estimated tapping force was less than 30 pN (41). The probe tip was grown on the tip of a cantilever with electron beam deposition and was further sharpened by argon plasma etching (42) . All AFM observations were performed at room temperature. The AFM images were captured at a frame rate of 2 frames/s. A 3 Â 3 pixel-average filter was applied to each tracked image to reduce noise.
Results
Identification of a novel Pex7p-binding protein To get further mechanistic insight to the Pex7p-dependent PTS2 protein import system, we searched for novel proteins, if any, involved in the Pex7p-dependent PTS2 import system. Immunoprecipitation of FLAG-Pex7p using anti-FLAG antibody was performed from pex7 CHO cell mutant, ZPG207, stably expressing FLAGPex7p, termed ZPG207/P7. Mass spectrometric analysis of the co-immunoprecipitated proteins showed that an 'uncharacterized KIAA0564-like' Chinese hamster protein specifically bound to Pex7p as reported for typical PTS2 proteins (43) . We cloned the human homologue of this protein and termed Pex7p binding protein 2 (P7BP2). We also confirmed that the endogenous protein bound to Pex7p by immunoprecipitation using anit-P7BP2 antibody (Fig. 1A ). After immunoprecipitation with anti-FLAG antibody from HeLa cells expressing FLAG-Pex7p, two bands with 240 kDa and 120 kDa were detected by immunoblotting with anti-P7BP2 antibody. According to the database (https://www.uniprot. org/uniprot/A3KMH1), these two proteins were suggested to correspond to the full-length P7BP2 and the shorter form P7BP2S lacking the C-terminal 866 amino-acid residues at positions 1040-1905, respectively. The S-form was likely generated by alternative splicing, and indeed detectable in cells (Fig. 2B ).
P7BP2 is a PTS2 protein
To verify whether P7BP2 is a PTS2 protein, we expressed FLAG-tagged P7BP2S in CHO-K1, Pex7p-deficient pex7 ZPG207 and ZPG207 constitutively expressing Pex7p (ZPG207/P7). Cell lysates of these cells were subjected to immunoprecipitation with anti-FLAG antibody. Immunoprecipitates were analysed by immunoblotting with antibodies to Pex7p and Pex5p (Fig. 1B) . The P7BP2S and P7BP2 bound . Anti-P7BP2 antibody raised to recombinant P7BP2 was used for detection of endogenous P7BP2 that was co-immunoprecipitated with FLAG-Pex7p. FLAG-Pex7p was detected with anti-FLAG antibody. Input, 5% of total cell lysates used for immunoprecipitation; dot, a nonspecific band. (B) P7BP2 binds to Pex5p with Pex7p. Immunoprecipitation with anti-FLAG antibody was performed from FLAG-P7BP2S-transfected CHO-K1, pex7 ZPG207 and ZPG207/P7 cells. Endogenous Pex5p and Pex7p were detected with respective specific antibodies. Input, 5% as in A. (C) The N-terminal region of Pex5p is required for binding to P7BP2. CHO-K1 cells were transfected with plasmids encoding the indicated proteins. Proteinprotein association was verified by immunoprecipitation and immunoblot analysis. HA-tagged P7BP2S, a shorter isoform of P7BP2, co-precipitated with various truncated forms of FLAG-Pex5pS/L by immunoprecipitation using anti-FLAG antibody was detected with anti-HA antibody. Pex5pS, Pex5pL, Pex5pN and Pex5pC encode the regions encompassing amino-acid residues at 1-595, 1-632, 1-298 and 299-632, respectively. Input, 5% as in A. (D) Pex5pL, not Pex5pS, interacts with P7BP2 in a manner dependent on Pex7p. CHO-K1 cells were transfected with plasmids encoding the indicated proteins and proteinprotein association was verified as in C. Two protein bands immuno-reactive to anti-Pex7p antibody were discernible; the one with a higher mobility is presumably the product translated from the second Met located 10 amino acids downstream of the initiator Met. Immunoprecipitation of FLAG-Pex5p was performed with anti-FLAG antibody. Co-immunoprecipitated HA-P7BP2S and endogenous Pex7p with FLAG-Pex5p were detected by anti-HA and anti-Pex7p antibodies, respectively. Input, 5% as in A.
to both Pex7p and Pex5p (Fig. 1B, right) , suggesting that P7BP2S and P7BP2 are PTS2 proteins.
P7BP2 binds to Pex5pL via Pex7p
HA-P7BP2S was co-expressed with each of several truncated mutants of FLAG-Pex5pL or FLAGPex5pS in CHO-KI cells. Fractions bound to FLAGPex5p and its mutants were analysed ( Fig. 1C and D) . Only full-length Pex5pL and the N-terminal region encompassing the residues at 1-305 were detected by immunoblotting, suggesting that Pex5pL interacts with the P7BP2-Pex7p complex where P7BP2 behaves as a PTS2 protein (Fig. 1C) . Next, we assessed whether P7BP2 binding to Pex5pL is in a manner dependent on Pex7p. As expected, Pex5pL bound to P7BP2 only when Pex7p was expressed in pex7 ZPG207 cells (Fig. 1D ).
P7BP2 is localized in peroxisomes
To verify whether P7BP2 is imported to peroxisomes, N-terminally HA-tagged and C-terminally FLAGtagged P7BP2S, HA-P7BP2S-FLAG, was expressed in CHO-K1, pex7 ZPG207 and pex6 ZP164 cells. P7BP2S was clearly coincided with Pex14p, in CHO-K1 cells, whereas it was not detectable in a punctate staining pattern in ZPG207 and ZP164 cells ( Fig. 2A) . N-terminal HA-tagging of HA-P7BP2S-FLAG does not appear to influence its targeting to peroxisomes, as in the case of peroxisomal localization of HA 2 -PTS2-EGFP (13) .
Full-length P7BP2 protein was only poorly expressed in CHO cells, hence giving rise to difficulty in morphological detection. Next, we investigated subcellular distribution of P7BP2 in HeLa cells by immunoblotting with anti-P7BP2 antibody of post-nuclear supernatant (P), cytosolic (C) and organelle (O) fractions. Both the full-length and a shorter form of P7BP2 were detected in the organelle fraction, not cytosolic fraction (Fig. 2B, lanes 13, asterisks and  arrowheads) . Taken together, we suggest that not only P7BP2S but also the full-length P7BP2 is localized in organelle fraction. Knocking down experiments were also performed to verify the P7BP2 bands (Fig. 2B, lanes 4 and 5) .
N-terminal region of P7BP2 is required for interaction with Pex7p
To determine which region of P7BP2 is essential for binding to Pex7p, several truncated forms of HAtagged P7BP2 were expressed in pex7 ZPG207 cells stably expressing Pex7p, and analysed by immunoprecipitation with anti-FLAG antibody, followed by immunoblotting with anti-FLAG antibody. In fractions bound to FLAG-Pex7p, HA-P7BP2 variants (1-261, 1-1039 and 1-1905, but not 262-1039) were detectable (Fig. 3A) , thereby suggesting that the N-terminal region encompassing residues at 1-261 of P7BP2 was sufficient to interact with Pex7p.
P7BP2 is cleaved at its N-terminal region after import to peroxisomes Either HA-P7BP2-FLAG or HA-P7BP2S-FLAG was expressed in CHO-K1 and pex7 ZPG207 cells. Cytosolic and organelle fractions from respective cells were immunoblotted with antibodies to HA and FLAG for detection of the N-terminal and the C-terminal regions, respectively (Fig. 3B) . A band (asterisk) with slightly higher mobility than HA-P7BP2S-FLAG was detected in the organelle fraction of CHO-K1 only with anti-FLAG antibody (Fig. 3B , lane 15), whereas only the intact authentic band was detected with anti-HA antibody (lane 7). Therefore, the apparently smaller band is likely to be an N-terminally cleaved P7BP2S. Moreover, no such a band was detectable in any cytosolic fractions and the cleavage of an N-terminal part of P7BP2S was evident only in CHO-K1 cells, not in ZPG207. Accordingly, P7BP2 most likely contains a potential cleavable PTS2 sequence in the N-terminal region and is transported into peroxisomes in a Pex7p-dependent manner.
A cleaved form of full-length HA-P7BP2-FLAG was rather not readily discernible because of a lower level of expression and a higher molecular mass as compared to HA-P7BP2S-FLAG.
PTS2 signal sequence locates in the N-terminal region of P7BP2
We searched for potential PTS2 signal sequence of P7BP2 using Target Signal Predictor (see Experimental Procedures section). Three candidates were predicted in the N-terminal region upstream the first AAA+ domain (Fig. 3C ). The first sequence at 21-RMRLLLRQV-29 ( Fig. 3C, I , marked in red) was apparently consistent with the consensus PTS2 sequence (R/K)(L/V/I)X 5 (H/Q)(L/A) and was predicted to be a helix structure but less conserved between the homologues from different species. However, the third region overlapping with two candidate sequences (66-KLKIPKNPE-74 and 71-KNPELVPQN-79, III, marked in red and boxed) showed little similarity to the consensus but was well conserved in all species except for that in nematodes where no PTS2 transport system was used (44) . The second candidate (38-RQRPEVRLL-46, II, marked in red) was counted out because it was obviously exceptional sequence present only in human P7BP2. This primary sequence analysis led to a suggestion that the third, III, is a potential PTS2 signal for P7BP2 despite its lower homology to the consensus sequence. Next, we investigated whether a deletion mutant lacking the putative PTS2 signal sequence binds to Pex7p and is localized to peroxisomes. To this end, the HA-P7BP2SÁPTS2(66-79)-FLAG as well as the wild-type was expressed in ZPG207/P7 cells and was assessed for binding to Pex7p. Pex7p was detected in the immunoprecipitates with anti-FLAG antibody of the wild-type HA-P7BP2S-FLAG, but not HA-P7BP2SÁPTS2-FLAG (Fig. 3D, lane 3) , thereby indicating that the PTS2-deletion mutant lost the activity in binding to Pex7p. Moreover, the subcellular localization of the ÁPTS2 mutant was localized in the cytosol (Fig. 3E, df) in contrast to the wild-type colocalized with Pex14p, indicative of peroxisomes (Fig. 3E, ac) . Luo et al. (45) recently reported that the protein KIAA0564, corresponding to P7BP2, is localized to mitochondria where the N-terminal 34 amino-acid residues function as a mitochondrial targeting sequence. We verified that N-terminally non-tagged wild-type P7BP2S-FLAG was indeed localized not only peroxisomes but also mitochondria (Fig. 3E, gj) , and that the ÁPTS2 mutant of the P7BP2S-FLAG was no longer located in peroxisomes (Fig. 3E, kn) . We also confirmed that non-tagged full-length P7BP2-FLAG was localized to mitochondria as suggested (45), where its peroxisomal localization was hardly detectable due to a very low level of expression in cells like HA-tagged P7BP2 (data not shown). Based on the evidence that P7BP2 and P7BP2S share the same N-terminal amino-acid sequences (Fig. 3C ) and bind to Pex7p (Fig. 1A) , P7BP2 most likely resides in both organelles.
In the database (https://www.uniprot.org/uniprot/ A3KMH1), there is the third isomer of human P7BP2 (termed P7BP2 isomer 3), which contains alternative 13 amino-acid residues (shown in green) instead of the first 47 amino-acid residues of isomers 1 (P7BP2) and 2 (P7BP2S). However, since the sequence of isoform 3 in the database is apparently incomplete, including no initiator methionine available, its molecular size is not known and it is not sure whether its translation product is present in cells. We attempted to express the isomer 3 by adding the initiator methionine in the HA-tag but its translation product was very unstable and hardly detectable (data not shown).
P7BP2 is a novel dynein-type AAA+ protein
According to the Pfam database (46), P7BP2 contains three AAA+ domains (AAA13) in the N-terminal half part (Fig. 4A) . BLAST protein sequence alignment suggested that additional two structural domains (AAA5 and AAA6) are conserved between many species, and that the latter domain (AAA6) shows apparent homology to von Willebrand factor A (vWFA). From crystal structures the vWFA domain figures as Putative PTS2 sequences (I, II and III) are highlighted in red. The most possible candidate III that is well conserved among all homologues except for nematode protein is boxed. Walker A motif is shown in blue. Human P7BP2 isomer 3 contains alternative 13 amino-acid residues (shown in green) instead of the first 47 amino-acid residues of isomers 1 (termed P7BP2) and 2 (P7BP2S). Sequence identifiers are displayed provided by National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/). (D) PTS2-deletion mutant loses the binding to Pex7p. HA-P7BP2S-FLAG (wt) and its deletion mutant (ÁPTS2) lacking a putative PTS2 sequence III (residues at 66-79) were separately expressed in ZP207/P7, pex7 ZP207 cells stably expressing Pex7p (lanes 46), and immunoprecipitated with anti-FLAG antibody (lanes 13), and assessed by immunoblotting with antibodies as indicated. Input, 5% as in A. (E) Subcellular localization of P7BP2S with deletion of a putative PTS2 signal sequence III. Upper panels, wild-type (ac) and a PTS2-deleted mutant (df) of HA-P7BP2S-FLAG were expressed in CHO-KI cells and visualized by immunofluorescent staining with anti-FLAG antibody. Lower panels, N-terminally non-tagged P7BP2S-FLAG (gj) and its ÁPTS2 mutant (kn) were likewise visualized. Pex14p, a peroxisomal marker and a mitochondrial maker Tom20 were detected with anti-Pex14p and anit-Tom20 antibodies, respectively. Arrowheads in (ac) and the enlarged views of (gj) indicate the cell where the expressed HA-P7BP2S-FLAG was coincided with Pex14p and P7BP2S-FLAG-positive peroxisomes, respectively. Scale bars, 10 mm; 2 mm (enlarged views). a central b-sheet surrounded by a-helices (47), suggesting significant similarity to the a/b subdomains of the AAA+ domain (Fig. 4A) . By further and more detailed protein alignments and motif searches, both domains (AAA5 and AAA6) were found to contain the sequences with significant similarity to the Walkers A and B motifs (Fig. 4B) . Thus, we interpreted these findings to mean that the domains feature structural homology to the a/b subdomain of the AAA+ domain. Moreover, despite rather weak similarity to the consensus, another Walkers A and B motifs (1145-GKSGFFVD-1152 and 1196-DTTG-1199, respectively) were found, suggesting that another structural domain exists in the middle part of this protein (termed AAA4; residues at 1102-1408) (Fig. 4, A and  B) . Sequence homology of AAA4 with the AAA+ domain is not high but likely enough to hold the structure to keep the function after possible evolutional selection. Therefore, P7BP2, a single protein harbouring six functional domains, could be a dynein-type AAA+ protein (Fig. 4C) . In gel-filtration analysis, the recombinant full-length P7BP2 purified from Sf9 cells, with a molecular mass of 250 kDa (Fig. 4D, left) , was detected as a 249 kDa protein (Fig. 4D, right) , hence suggesting that P7BP2 is a monomer in solution.
AFM imaging
Single particles of the recombinant P7BP2 purified from Sf9 cells were visualized under AFM (Fig. 5A) . Particles mostly shape disc-like ring structure (Fig. 5A,  aeand B, a) with about 160 Å in diameter (Fig. 5B, b ) and 30 Å in thickness (Fig. 5B, c) . Height along the diameter of a typical ring structure showed that the disc has a hole around the centre. The discs appeared to be composed of heterogeneous sub-structures with different thickness, likely to be six in the best image Analyses of P7BP2 by SDS-PAGE and gel-filtration. Purified recombinant P7BP2 was analysed by SDS-PAGE using 15% gel and was stained with CBB (left, arrowhead), where molecular mass standards were also loaded adjacent to the recombinant P7BP2. In gel-filtration, molecular mass of P7BP2 showing a clear peak (red arrowhead) was estimated from its elution volume using Superdex200. Relationship between molecular mass and elution volume of the column was calibrated with molecular mass marker proteins (670 kDa, thyroglobulin; 158 kDa, g-globulin; 44 kDa, ovalbumin; 17 kDa, myoglobin) as indicated. Regression line (y = 703.66e[À0.04Â]) with the correlation coefficient (R 2 ) over 0.998 was calculated using the least squares method. Asterisk is the void volume peak of the column.
representing six AAA+ domains in P7BP2 (Fig. 5A, a) , which was similar to that of typical AAA+ ATPase p97 forming the hexameric ring structure (Fig. 5A, j) . Several molecules with C-shape with a small gap in the ring were discernible (Fig. 5A, fi,  arrowheads) . Moreover, we also found a few molecules changing the shape between the extended and ring-like structures (data not shown), which might be an artifact event by the needle tapping. By combining the molecular structures with all biochemical properties, P7BP2 most likely possesses six AAA+ domains in a single polypeptide, arranging a pseudo-hexameric structure like dynein.
Discussion
By a proteomic approach, we cloned P7BP2 harbouring a consensus-like internal PTS2 sequence as a Pex7p-binding protein. P7BP2 is listed in database UniProtKB (UniProt 2015) as 'von Willebrand factor A domain-containing protein 8' encoded by KIAA0546 gene. We showed that P7BP2 is localized to peroxisomes by binding to Pex5pL via Pex7p in a manner dependent on a potential PTS2 in the N-terminal region, which is cleaved off in peroxisomes. The mouse homologue of P7BP2 was reported to be barely detectable protein in peroxisomes of kidney in PEX7-knockout mice, whereas in contrast to its normal expression in the normal mice (48) . The human homologue KIAA0564 is suggested to encode a PTS2 protein and predicted by using PSORT WWW Server that the PTS2 signal sequence (789-KIVDRFLHL-797) located in the middle part of the protein (48) . However, the mutation L797S did not affect the subcellular localization of this protein in peroxisomes. In this study, we searched for the candidates of the PTS2 signal in the N-terminal region by biochemical experiments and revealed that the sequence (66-KLKIPKNPE-74 and/or 71-KNPELVPQN-79) is required for binding to Pex7p and translocation into peroxisomes. The disclosed PTS2 signal sequence of P7BP2 is not the ordinary consensus, even extending consensus
re-evaluated with essentially all known variants of PTS2 (49) . Furthermore, the fact that the PTS2 signal of P7BP2 is predicted to be a loop in contrast to a-helix of usual PTS2s (50), also supporting the novelty of the PTS2 in P7BP2.
Based on the primary sequence, P7BP2 belongs to the AAA+ family, where the N-terminal three AAA+ domains (AAA13) are similar to dynein-AAA+ domains forming pseudo-hexameric ring structure. All six AAA+ domains of dynein resemble each other and are considered to be originated from a common ancestor but diverse with different functions giving rise to the full molecular function (51) . P7BP2 also possesses six AAA+-like domains (Fig. 4AC) , but the C-terminal three domains (AAA46) show poor homology to the AAA+ consensus sequences as compared to the domain of dynein. P7BP2 molecule determined by AFM appears to be composed of several domains connected in tandem, forming ring-like structures or C-shape one with a small gap (Fig. 5B) . In general, AFM images are slightly bigger than the real one, dependent on the AFM needle size (52) . The average diameter of P7BP2 ring (160 Å ) is bona fide one with the reference of typical AAA+ rings showing $120 to 140 Å . P7BP2 disc is 30 Å thick in average, which is also consistent with that of an AAA+ ring ($35 to 40 Å ), since the objects on mica are sometimes flattened due to their strong adhesion. Thus (under AFM) the size and shape of P7BP2 molecule fit to the typical AAA+ hexameric-ring, indicating that P7BP2 is a monomer in solution as detected in the gel-filtration analysis (Fig. 5A) . AAA+ domain consists of a/b large and a-small subdomains, where a-small subdomain contacts with a/b large subdomain in a neighbouring subunit to stably hold the complex (53) . Although the AAA5 and AAA6 domains in P7BP2 lack the region corresponding to a-small subdomain, those domains still enable to keep the complex formation because they are connected each other within a single polypeptide restraining to be assembled. Because AAA1 appears to weakly interact with AAA6 lacking a-small subdomain, some particles forms letter C-like shape (Fig. 5B ). This characteristic of P7BP2 differs from that of dynein, so that P7BP2, the third tandemly connected example, is quite important to study how and why the hexamer arranges its structure to hold the ATPase activity during the evolution.
Based on the sequence homology and structural similarity to dynein of P7BP2, P7BP2 may play a dynein-like role. Dynein is a motor protein moving along microtubules. P7BP2 may interact with proteins forming cytoskeleton-like fibre structures. Reyes et al. (54) proposed that human b-actin and non-muscle myosin heavy chain IIA imported into mitochondria might form a microfilament, which associated with mitochondrial DNA. Dynein is reported to regulate morphogenesis of early endosomes (55) . P7BP2 protein with dual subcellular localization could also work for organelle dynamics including membrane fission or fusion, since many key components for mitochondria dynamics, such as Fis1, Mff1 and DLP1, are defined to function in peroxisomes as well (56) . Alternatively, AAA+ P7BP2 may be involved in quality control of matrix proteins likely in a concerted manner with Lon protease of both organelles (35, 5759) . P7BP2 may also play a role in the efficient import of matrix proteins into both organelles, at the steps during and/or protein translocation in the cytosol and/or at or after the import machineries of peroxisomes and mitochondria. Nonetheless, in regard to the physiological consequence of P7BP2, no distinct phenotype in peroxisomal PTS2-protein import was discernible upon knocking down of P7BP2 where P7BP2 was barely detectable in HeLa cells (data not shown). To address these issues, more detailed and efficient experiments may be required.
